Correlations between local mechanical and metabolic events were studied during a partial decrease in flow in the left anterior descending coronary artery in 14 open-chest pigs. A decrease in flow to 28% (19-39%) of the control value was achieved with an adjustable screw clamp. A flow probe was placed around the artery. Blood samples were taken from the regional anterior coronary vein and the femoral artery-Myocardial wall thickening was measured with a harpoon type of mercury strain gauge. During ischemia, systolic myocardial wall thickening decreased to 44.5 ± 5.1% (SE) of its control value (P < 0.001). The mean concentrations of plasma potassium and whole blood inosine, hypoxanthine, and lactate in three serial 2-minute samples obtained during a 6-minute control period were compared with those obtained during a 6-minute period of partial occlusion. During ischemia, venous inosine concentration increased from 10.9 ± 0.7 /zM to 18.5 ± 1.8 M (P < 0.005), venous hypoxanthine concentration increased from 28.5 ± 1.4 fiM to 33.0 ± 1.5 >*M (P < 0.005), venous potassium concentration increased from 3.77 ± 0.10 IDM to 4.08 ± 0.13 mM (P < 0.001), and venous lactate concentration increased from 1.04 ± 0.19 mM to 1.52 ± 0.17 mM (P < 0.001). The arterial level of potassium increased very little. The arterial concentration of the other compounds did not change significantly during the 6-minute period of ischemia. Myocardial lactate extraction changed from a control value of 42.6 ± 6.7% to -4.6 ± 12.5% (P < 0.05). A negative correlation (r, = -0.79, P < 0.01) was observed between venous inosine concentration and myocardial wall thickening (percent of control) during ischemia. This study indicates that the local venous inosine concentration is a sensitive indicator of regional myocardial ischemia in the pig.
• During the past three decades, there have been numerous studies in man and animals which have attempted to characterize the metabolism of the heart during anoxia and ischemia. A loss of potassium from myocardial cells, ah increased dependence on glycolysis as a source of energy, and a decrease in the concentration of high-energy phosphates, in particular adenosine triphosphate (ATP) and creatine phosphate, have been described (1) .
ATP provides the energy for muscular contraction and osmotic and synthetic work. Because it is confined primarily within the cell, ATP is inaccessible to analysis except by biopsy techniques. Some index of tissue concentrations of ATP, which could be important in the evaluation of the degree of anaerobiosis, might be derived by measuring its breakdown products such as inorganic phosphate (Pi), adenosine, inosine, or hypoxanthine, which can pass through the plasma membrane.
Recently, the usefulness of glycolytic breakdown products for the assessment of myocardial ischemia has been questioned (2) . In the search for better indicators for myocardial ischemia, Owen et al. (3) and Opie et al. (4) compared the release of P, and potassium with lactate extraction by the openchest dog heart following total coronary artery occlusion. Their data suggested that venous P| changes are a more sensitive index of acute myocardial ischemia than are potassium changes but that they are less sensitive than is the change from lactate extraction to lactate discharge. In the present study, we tested whether other ATP catabolites could be used as indicators for myocardial ischemia. The open-chest pig was used for our experiments; this species is more comparable to man as far as heart rate and collateral formation are concerned than is the commonly used dog. In our model increased venous concentrations of inosine and hypoxanthine were observed in association with changes in lactate extraction during regional myocardial ischemia. In addition, a correlation between increased inosine concentration in the local coronary vein and decreased local myocardial function measured by systolic wall thickening of the open-chest pig heart was observed.
Methods
Male or female pigs (25 kg) were fasted for approximately 24 hours; they were then sedated with sodium pentobarbital (30 mg/kg, ip) followed by infusions of pentobarbital (0.1 mg/kg min" 1 ). An endotracheal tube was inserted. Respiratory rate and volume were controlled by a variable-cycle Harvard respirator. Adequacy of ventilation was monitored by measuring arterial pH, Pco,, and P o , . A Teflon no. 8 catheter was placed in the thoracic aorta through a femoral arteriotomy for arterial blood sampling. A NIH no. 8 catheter was placed in the right atrium to return blood from the coronary venous reservoir to the pig.
A mid8ternal incision was made to expose the anterior surface of the left ventricle. The pericardium was suspended with a few sutures to the anterolateral thoracic wall. The left anterior descending coronary artery was exposed from its origin to its first branch. Usually this exposure provided 1.0-1.5 cm of free artery on which an electromagnetic flow probe (Transflow 600 miniature core probe, Skalar Instruments, Delft, The Netherlands) with an internal diameter of 2.0 or 2.5 mm could be placed ( Fig. 1 ). Just distal to this probe a J-shaped screw clamp was placed around the artery; the clamp could be tightened to decrease coronary blood flow. Zero-flow measurements were taken before each experiment by occluding the artery with forceps at the level of the screw clamp. Care was taken to ensure that there were no major branches of the artery between the flow probe and the clamp, since their presence would render the flow measurements, as a reflection of flow beyond the clamp, inaccurate. A polyethylene catheter, tightly fitted over a no. 19 needle, was placed in the anterior coronary vein approximately one-third of the way down the anterior ventricular surface, and the needle was then removed. The catheter was secured in place with a single suture, which, in addition to holding the catheter in place, ensured that all of the venous drainage distal to the catheter entered the sampling catheter. The blood from this catheter was allowed to drip freely into a reservoir and was returned via the atrial catheter to the pig. A three-way stopcock was interposed in the system to allow intermittent sampling. As soon as the catheter had been secured, heparin (75 mg, iv) was administered. Free venous return from the catheter sampling the coronary vein was present in all of the experiments. The veins distal to the catheter remained flat, and there was no evidence of edema or extravasation of blood into the subepicardial space. Diagram of the experimental model. The thickness gauge is placed about 1.5 cm from the apex of the left ventricle distal to the venous sampling site {about 1.5 cm from the artery) for the measurement of myocardial wall thickening.
ventricular epicardium at the apex and to the left atrial appendage. The ventricular electrode was used for recording the epicardial electrocardiogram (ECG). The pig's heart was paced at a rate of 150 beats/min with the atrial electrode; the spontaneous rate at the beginning of the study was about 100 beats/min. Coronary blood flow, ECG lead II, apical electrogram, and changes in left ventricular wall thickness (myocardial wall thickening) were recorded continuously on a Siemens Oscillomink E-12 recorder with a frequency response of 0-1,200 Hz.
MEASUREMENTS OF VENTRICULAR WALL THICKNESS
The wall thickness gauge developed by Van der Meer et al. (5) was used; it is simple to operate and it allows myocardial wall thickening to be recorded continuously and locally. The device consists of a steel shaft fitted with a harpoonlike toggle piece at one end and a screw thread at the other end. The central shaft carries two plates "with a central perforation and a spring between them. The plates are connected by a resistance bridge of mercury-filled Silastic tubing. The shaft with its harpoon toggle tip was gently forced through the apex of the left ventricle. With the shaft in place, the plastic plate and spring assembly was placed over it, and a nut was tightened over the distal end of the screw. At the conclusion of an experiment, the depth of the central shaft within the ventricular wall was measured with the heart beating. This depth was similar to the thickness of a cross-sectional slice through the arrested left ventricle where the gauge was attached. The mean myocardial wall thickness was 0.98 ± 0.07 (SE) cm. Myocardial wall thickening was measured from the excursion of the recorded calibrated signal from end-diastole to the peak of systole. Systolic myocardial wall thickening was 10.7 ± 2.1^ of total myocardial wall thickness. The recording was extremely stable for up to 3 hours; very little beat-to-beat variation occurred and the base line at end-diastole was very stable.
INOSINE PRODUCTION AND MYOCARDIAL FUNCTION

OCCLUSION PROTOCOL
At least 30 minutes elapsed between the placement of the catheters and attachment of the devices and the start of the protocol. Blood samples were taken every 2 minutes during a control period of 6 minutes; after this time the coronary artery was partially occluded with the clamp. An attempt was made to decrease coronary blood flow to 20-40% of control. A stable level of coronary blood flow was maintained throughout the study, which required an occasional slight adjustment of the clamp. Samples were taken at 2-minute intervals.
BIOCHEMICAL DETERMINATIONS
Two blood samples were taken at each period from both the femoral artery and the coronary vein. Then 2 ml of blood was placed in a test tube for the determination of plasma potassium concentration. This electrolyte was assayed in duplicate with a flame photometer (Instrumentation Laboratory no. 343). The calibration of the analyzer was checked after every fifth sample. A second sample of 1.5 ml of blood was placed in a tube which contained 1.5 ml of cold 8% (v/v) HClCv The mixture was shaken vigorously and kept cold until it was centrifuged; the supernatant fraction was kept frozen until the determinations of lactate, inosine, and hypoxanthine concentrations were performed. Lactate was assayed enzymatically with an autoanalyzer (6) .
For the determination of the concentrations of inosine and hypoxanthine, 0.50 ml of deproteinized blood was neutralized with 0.25 ml of 0.70M K,PO 4 . The tubes were kept at 0°C for at least 5 minutes; KC1O 4 was centrifuged down. A sample of the clear supernatant fraction (0.5 ml) was mixed with 2.0 ml of 0.1M deaerated Tris-HCl buffer (pH 7.4) containing 3 mM ethylenediaminetetraacetic acid (EDTA). In a Gilford 2400 recording spectrophotometer the absorbancy at 293 nm was read against buffer at 40°C after temperature equilibration of the cuvettes. Then 0.04 units of xanthine oxidase (EC 1.2.3.2) was added in a volume of 10 /iliters. When the conversion of hypoxanthine (and xanthine) to uric acid was complete, inosine was measured by the addition of 1.2 units of nucleoside phosphorylase (EC 2.4.2.1) in 10 liters. The extinction coefficient of uric acid was taken to be 12,200 cm'/mole (7) . In some cases the concentrations of inosine and hypoxanthine were determined according to the procedures of Olsson (7) with a dualwavelength spectrophotometer (Perkin-Elmer model 356). The two methods gave identical results.
Results
All of the pigs survived the period of ischemia. The T waves of the ECG deepened, but QRS morphology, S-T segment, and cardiac rhythm did not change. In the 14 pigs, the control flow ranged from 20 ml/min to 95 ml/min. The mean decrease in flow achieved using the adjustable clamp was 28% of control flow with a range of 19% to 39% (Table 1) . When coronary blood flow was reduced, 
de JONG, GOLDSTEIN
myocardial wall thickening decreased within 6 seconds to 44.5 ± 1.9% (SE) (P < 0.001) of control (Table 1 ). Table 1 also shows the metabolic data; for each pig, the average of the three values obtained during the 6-minute control period was compared with the average of the three values obtained during the 6-minute partial coronary artery occlusion. Venous inosine concentration during ischemia was approximately twice the control value. Smaller but significant rises in venous hypoxanthine, potassium, and lactate concentrations were also observed during the occlusion period. Lactate extraction, 100{ [arterial ] -[venous] /[arterial] ), changed from 42.6 ± 6.7% during the control period to -4.6 ± 12.5% (P < 0.05) during ischemia. The arterial concentration of the compounds remained quite constant throughout the study, although a very small, but statistically significant, rise in potassium was measured. A negative correlation (r, = -0.79, P < 0.01) between the local venous inosine level and the myocardial wall thickening during ischemia was observed (Fig. 2) . This relationship appeared to be quite specific for inosine: there was no correlation myocardial wall thickening (percent of control), r, = -0.67 (P < 0.02). Also percent lactate extraction during ischemia correlated with myocardial wall thickening (r, = 0.65, P < 0.02).
Relationship of local venous inosine concentration and ventricu
Discussion
The present observations provide a link between the dysfunction in the ATP-generation system and the changes in local myocardial function during ischemia. ATP concentration decreases and adenosine diphosphate (ADP) and adenosine monophosphate (AMP) concentrations increase in the ischemic or hypoxic heart (8) (9) (10) (11) . These nucleotides do not cross the cellular membrane and therefore do not appear in the venous coronary effluent. Elevated concentrations of P ( , which diffuses across the cellular membrane, have been measured in the myocardium and its effluent after ischemia or anoxia (3, 4, 8, 11) .
The first purine catabolite of ATP dephosphorylation to appear in the coronary venous effluent is adenosine. Under both normal and hypoxic conditions, the concentration of adenosine is low because of its rapid conversion to inosine within the myocardial cell and in the blood by active adenosine deaminases. In normal dog blood, the concentrations of adenosine, inosine, and hypoxanthine are of the same order of magnitude (0.04-0.09 UM) (7) . We were unable to measure adenosine in pig blood with our method or with the method of Olsson (7) , because the amounts of this nucleoside are negligible compared with the concentrations of inosine and hypoxanthine. The relatively high concentrations of inosine (11 J*M) and hypoxanthine (28 uM) in pig blood could be due to a species difference in xanthine oxidase distribution. Pig blood as well as human blood lacks this enzyme, although it is present in dog blood (12) . In blood plasma from normal humans, hypoxanthine plus xanthine levels of about 20 uM have been measured (13) .
The activity of nucleoside phosphorylase, which converts inosine to hypoxanthine, is low compared with that of adenosine deaminase. Thus, inosine can accumulate both in the tissue and the coronary venous effluent. Increased tissue or perfusate inosine concentrations have been observed following anoxia and ischemia in isolated preparations (14) (15) (16) . In the intact dog heart, coronary occlusion induces increased concentrations of adenosine and Circulation Raewxh, Vol. 35, July 1B74 inosine (7) . Increased amounts of inosine and hypoxanthine are released into the coronary sinus of open-chest dog hearts during partial asphyxia (14, 17) . Fox (18) has observed a release of adenosine from human hearts during angina induced by pacing.
The change in the ratio of myocardial ATP to AMP correlates with the decrease in contractile force after hypoxia (19) . Even when the myocardial ATP levels are maintained near normal during hypoxia, the contractile function of the heart decreases (20, 21) . A selective depletion of ATP from a small compartment directly involved in contraction or a defect in energy utilization by the hypoxic heart has been suggested to explain this lack of correlation between contractility and total ATP content (11, (20) (21) (22) . Our observations agree with this hypothesis. The amount of inosine released from the ischemic myocardium in the present study was very small compared with the myocardial concentration of its precursor ATP, indicating a relatively small decrease in total tissue ATP content. This local release of inosine, however, was closely correlated with major changes in local function during ischemia.
Our observations of the conversion from lactate extraction to lactate production and of potassium release during ischemia are similar to those made by other investigators (1, 3, 23, 24) . Tissue levels of lactate increase, whereas ATP decreases following ischemia; these changes are accompanied by a decrease in myocardial function (9, 25) . Expressions of the change in lactate metabolism in this study did not correlate as well with changes in myocardial wall thickening as did inosine.
A number of techniques have been used to describe the changes in myocardial function during ischemia. Since the changes associated with local occlusion are regional in nature and vary in terms of the infarct produced, study of the total ventricular dynamics may not be sensitive enough to reflect relatively small areas of ischemia.
A change in wall thickness has been proposed as an index of local myocardial function and contractility. Measured changes in wall thickness during systole have varied from 8.5% to 80% depending on the different methods used (5, (26) (27) (28) (29) (30) . Van der Meer et al. (5) have measured a 10% increase with a mercury strain gauge; this observation was confirmed in the present study.
Wall thickness as it changes from diastole to systole is a sensitive indicator of myocardial function. Although it is not equivalent to currently Circulation Ratarch, Vol. 35, July 1974 accepted indicators of contractility, the thickening of the ventricular wall does represent a fundamental parameter of regional muscle function and is more sensitive to local changes in blood flow than are the parameters of developed total ventricular pressure (Goldstein and de Jong, unpublished observations). The concentration of inosine rises in the venous effluent during ischemia. This elevation correlates with the decreased systolic wall thickening.
The pig heart is comparable to the human heart in certain respects. The concentration of oxypurines in human blood plasma is similar to that in pig blood. Therefore, the measurement of the ATP catabolite level in patients undergoing a pacing test could possibly be of diagnostic value as a test for ischemic heart disease (18) .
